The fitness landscape of a locus, the array of fitnesses conferred by its alleles, can be affected by allele replacements at other loci, in the presence of epistatic interactions between loci. In a pair of diverging homologous proteins, the initially high probability that an amino acid replacement in one of them will make it more similar to the other declines with time, implying that the fitness landscapes of homologous sites diverge. Here, we use data on within-population non-synonymous polymorphisms and on amino acid replacements between species to study the dynamics, after an amino acid replacement, of the fitness of the ancestral amino acid, and show that selection against its restoration increases with time. This effect can be owing to increase of fitness conferred by the new amino acid occupying the site, and/or to decline of fitness conferred by the replaced amino acid. We show that the fitness conferred by the replaced amino acid rapidly declines, reaching a new lower steady-state level after approximately 20 per cent of amino acids in the protein get replaced. Therefore, amino acid replacements in evolving proteins are routinely involved in negative epistatic interactions with currently absent amino acids, and chisel off the unused parts of the fitness landscape.
INTRODUCTION
The local fitness landscape, i.e. the function that relates the sequence of a particular portion of the genome to organismal fitness, can change as a result of evolution of the rest of the genome [1, 2] . Consider an amino acid site (locus) x that has recently experienced a replacement of an amino acid (allele) A with an amino acid B. What will be the subsequent dynamics of the fitnesses conferred by different alleles at this site? Subsequent evolution at other sites of the same protein and, perhaps, of other proteins will affect these fitnesses in the following two ways (see the electronic supplementary material, figure S1 ). First, the fitness conferred by the new amino acid B may increase, because a fraction of these subsequent allele replacements may be adaptive, and any adaptive allele replacement increases the fitnesses of all currently present alleles throughout the genome. Second, the fitness conferred by the old amino acid A may decline, because evolution outside x now proceeds regardless of any possible side effects on the fitness conferred by this replaced amino acid A, and is thus likely to reduce its initially high fitness. It has been observed that the initially high [3] [4] [5] [6] rate of convergent evolution, i.e. of amino acid replacements such that the new amino acid coincides with the one occupying the homologous site in a homologous protein, declines as the evolutionary distance between the two proteins increases [6, fig. 5 ]. This effect can be owing both to the increase of fitness of the new amino acids, or to the decline of fitness of the replaced amino acids, but no attempt has been made to estimate the relative contributions of these two effects.
The fitness conferred by an allele at the locus is the average fitness of all genotypes, within the population, which carry this allele. Therefore, the fitness landscape at a locus can evolve as a result of allele replacements at other loci, as long as there are epistatic interactions between loci [7] [8] [9] [10] .
MATERIAL AND METHODS
We used genome-size multiple alignments of genomes of vertebrates and insects from the University of California, Santa Cruz (UCSC) genome database [11] (figure 1). Using the canonical splicing variants of 21 018 UCSC hg19 KnownGenes [12] for vertebrates, or of 13 300 FlyBase genes (BDGP release 5) [13] for insects, we extracted the alignment slices of protein coding regions for the orthologous genes. Single-nucleotide polymorphism data were obtained from dbSNP (release 134) (http://www.ncbi.nlm.nih.gov/projects/SNP/docs/ build134.txt) for human, and from the Drosophila Genetic Reference Panel website (http://www.hgsc.bcm.tmc.edu/projects/dgrp/freeze1_ July_2010/sequences/) for Drosophila melanogaster. Codon sites with gaps or missing data in any of the species were excluded from the analysis. The total numbers of genes and codons analysed are given in table 1. Lengths of segments of phylogenetic trees were taken from the UCSC Genome Bioinformatics site. All lengths are measured in the genome-average numbers of nucleotide replacements per site. The nucleotides in the internal nodes of the phylogenies were reconstructed using maximum likelihood as implemented in the CODEML program of the PAML package [14] . We mapped the nucleotide replacements to the phylogenetic trees as follows: whenever the nucleotides ascribed to the neighbouring nodes differed, a nucleotide replacement was inferred to have occurred at the edge that connected these two nodes. Throughout this paper, A and B refer to the two amino acids separated by a single-nucleotide substitution in the second position of a codon, and C is either of the one or two remaining amino acids different from both A and B and separated from them by a single-nucleotide substitution in the second position of the codon. For the analysis of polymorphisms, we counted the numbers of second-position nucleotides that experienced a replacement in one of the internal segments of the Homo sapiens (D. melanogaster) lineage, and are currently polymorphic in H. sapiens (D. melanogaster). The replacements were analysed similarly, except instead of the polymorphism in H. sapiens (D. melanogaster), we used the number of replacements in the H. sapiens (D. melanogaster) lineage after its divergence from Mus musculus (Drosophila sechellia), as inferred by CODEML.
The extended methods are presented in the electronic supplementary material.
RESULTS
We studied, in vertebrates and in insects, the dependence of the level of polymorphisms and of the rate of replacements on the evolutionary age of the currently present amino acid (figure 1). For a site where a 'direct' amino acid replacement A ! B occurred at some moment in the past, we compared the frequencies of the 'reversing' B ! A and 'orthogonal' B ! C polymorphisms (or replacements), where C is one of the 'side' amino acids, i.e. is different from both A and B. The rate of the reversing B ! A polymorphisms or replacements can change owing to changes in fitness of either A or B. By contrast, side amino acids C were absent at the site throughout its traceable evolutionary history, and there is no reason to expect the A ! B replacement and subsequent evolution to systematically change their fitnesses in either direction; therefore, the rate of orthogonal B ! C replacements should change owing to changes only in the fitness of B (see the electronic supplementary material, figure S1 ).
Data on polymorphisms (figure 2a-c) show that the within-population prevalence of the derived 'old' allele A, which is recreated by recurrent recent mutations, declines with the age of the currently (nearly) fixed allele B. Within-population prevalence of the derived 'side' alleles C is either independent of the age of B (in H. sapiens; figure 2a), or declines with this age (in Drosophila; figure 2b). However, the prevalence of the ancestral allele A declines more steeply than that of the side alleles C. As a result, the ratio of the B ! A to B ! C polymorphisms drops by a factor of approximately three when the age of B increases from a very young one to such that approximately one nucleotide substitution occurred per synonymous site since the moment of the A ! B replacement (figure 2c). Data on amino acid replacements (figure 2d-f ) show essentially the same patterns as the polymorphism data. The observed patterns were qualitatively similar when the nucleotide substitution corresponding to the A ! B amino acid replacement was a replacement of a 'weak' base pair (AT) with a 'strong' one (GC), or vice versa (see the electronic supplementary material, figures S2 and S3), arguing against any involvement of biased gene conversion.
The patterns were also qualitatively similar when A ! B was a biochemically conservative versus radical amino acid replacement, judging by Miyata's distance [15] (see the electronic supplementary material, figures S4 and S5). As expected, when the A ! B replacement was conservative, the reversals were more frequent, and the orthogonal polymorphisms or replacements were less frequent, compared with the radical A ! B replacements; nevertheless, in all cases, the B ! A/B ! C ratio declined with time both for polymorphism and for divergence.
DISCUSSION
By itself, the fact that the rate of polymorphisms and replacements of B is the highest in the sites in which Figure 1 . Phylogenetic trees of species of (a) vertebrates and (b) insects used in the analysis. The horizontal axis shows the evolutionary age of the allele B that arose as a result of an A ! B amino acid replacement, assuming that the replacement occurred at the middle of the corresponding phylogenetic branch. Bars denote the branches at which the A ! B replacement occurred, for the analysis of polymorphism (black, below the corresponding branches) or divergence (white, above the branches). Six (5) evolutionary distances for the analyses of polymorphism, and 5 (4) evolutionary distances for analyses of reversals, were considered for vertebrates (insects). At sites of A ! B replacements, polymorphism in Homo sapiens (Drosophila melanogaster), and the rate of replacements in the H. sapiens lineage after its divergence from Mus musculus (in the D. melanogaster lineage after its divergence from Drosophila sechellia), were measured. Then, the set of sites in which an A ! B replacement has been observed will be biased towards rapidly evolving sites, and therefore will also have an excess of replacements of B. However, the declining B ! A/B ! C ratio (figure 2) would be consistent only with different but invariant local fitness landscapes of individual sites if those sites that evolve rapidly allow only a small repertoire of amino acids (which include A and B), and slowly evolving sites can accept a wide variety of amino acids. In fact, the opposite is true [16] , because rapidly evolving sites are mostly under relaxed selection [17] and can accept a wider variety of amino acids. Therefore, the patterns observed in figure 2 do suggest that the relative fitness of different alleles at a site changes with time since an allele replacement. Decline in the rate of the B ! C polymorphisms and replacements with the evolutionary time since fixation of the allele B implies that the fitness of the current allele B increases with its age. However, if this increase were the only change in the fitness landscape after an A ! B replacement, and the fitnesses of both A and C remained invariant, then the B ! A/B ! C ratio for replacements and polymorphisms would increase, and not decline, with time, under the reasonable assumption that at the moment of its replacement, the incumbent amino acid A conferred a higher fitness than a never-fixed side amino acid C (see the electronic supplementary material and figure S6 ). Conversely, if the fitness conferred by the replaced allele A declines with the time since its replacement, then the B ! A/ B ! C ratio is also expected to decline (see the electronic supplementary material and figure S7) . Therefore, the observed decline of the B ! A/B ! C ratio suggests that, while both effects, i.e. the increase of the fitness of B and the decline of the fitness of A, do occur after an A ! B replacement, the second effect is stronger, and must be responsible for the bulk of the decline of the rate of convergent evolution with evolutionary distance [6, fig. 5] , and of the level of reversing polymorphism and replacements with the Fitness of replaced amino acids S. A. Naumenko et al. 827
age of a direct replacement (figure 2). After time corresponding to approximately one nucleotide substitution per synonymous site lapses since the moment of the A ! B replacement, the fitness of the replaced amino acid A reaches a new, lower steady-state value. The change of the local fitness landscape is a slow process, and probably occurs owing to changes at other sites of the protein, or of other proteins. Because, on average, the ratio of the numbers of non-synonymous replacements and replacements at non-functional genomic sites is approximately 0.1, the patterns in figure 2 imply that a protein 'forgets' about a replaced amino acid after roughly 20 per cent of its amino acids get replaced. Of course, these 'second-site' replacements do not directly target the fitness of the replaced amino acid A. Instead, their negative impact on the fitness of A must stem from the preponderance of negative epistasis: a replacement is more likely to reduce, than to increase, the fitness of a random highfitness genotype. This is not surprising: most genotypes have low (zero) fitnesses, and a random perturbation of a local fitness landscape is expected to reduce the fitness conferred by alleles when these alleles are no longer present. Further analysis will be needed to find out whether second-site replacements that reduce the fitnesses of the replaced amino acids are mostly adaptive or nearly neutral.
